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Abs t rac t  
The v a l u e  o f  e a r l y  f l  i g h t  e v a l u a t i o n  o f  p r o -  
p u l s i o n  and p r o p u l s i o n  c o n t r o l  concepts was dm- 
ons t ra ted  on t h e  NASA F-15 a i r p l a n e  i n  programs 
such as h i g h l y  i n t e g r a t e d  d i g i t a l  e l e c t r o n i c  con- 
t r o l  (HIDEC), t h e  F l O O  engine model d e r i v a t i v e  
(EMD), and d i g i t a l  e l e c t r o n i c  engine c o n t r o l  
(DEEC). 
s t r a t i o n  was c o n c l u s i v e l y  demonstrated.) T h i s  
paper desc r ibes  these programs, and discusses t h e  
r e s u l t s  t h a t  were n o t  expected, based on ground 
t e s t  o r  a n a l y t i c a l  p r e d i c t i o n .  The r o l e  o f  f l i g h t  
demonstrat ion i n  f a c i l i t a t i n g  t r a n s f e r  o f  t ech -  
no logy from the  l a b o r a t o r y  t o  ope ra t i ona l  a i r -  
p l  anes i s discussed. 
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I n t  roduc t  i o? 
The o p e r a t i o n  and c o n t r o l  of t h e  p r o p u l s i o n  
system o f  a high-performance f i g h t e r  a i r p l a n e  i s  
c r i t i c a l  t o  i t s  success. The NASA Ames Research 
Center Dryden F1 i g h t  Research F a c i l i t y  (Ames- 
Dryden) has been conduc t ing  f l i g h t  research u s i n g  
an F-15 a i r p l a n e  f o r  severa l  years.1 Much o f  t h i s  
research  has been concerned w i t h  p ropu ls ion ,  p ro -  
p u l s i o n  c o n t r o l  , and i n t e g r a t e d  p r o p u l s i o n - f l  i g h t  
c o n t r o l s .  The e a r l y  f l i g h t  e v a l u a t i o n  o f  a new 
p r o p u l s i o n  concept has been q u i t e  b e n e f i c i a l ,  b o t h  
i n  terms o f  t i m e l y  exposure o f  problems and i n  
f a c i l i t a t i n g  technology t r a n s f e r  from l a b o r a t o r y  
t o  product ion.  
t i o n s  conducted on t h e  F-15 I n c l u d e  a d i g i t a l  
engine c o n t r o l  system, an advanced d e r i v a t i v e  
engine, and an i n t e g r a t e d  propul  s i o n - f l  i g h t  
c o n t r o l  system. 
d i g i t a l  e l e c t r o n i c  engine c o n t r o l  (DEEC) was 
Examples o f  t i m e l y  f l i g h t  evalua-  
I n  t h e  f i r s t  f l  i g h t  experiment, a p r o t o t y p e  
tested.2 The DEEC p rov ides  a f u l l - a u t h o r i t y  d i g i -  
t a l  c o n t r o l  C a D a b i l i t v  f o r  t h e  FlOO enaine i n  t h e  augmentor s t a t i c  pressure, l b / i n 2  
- _ _  - ------ F-15 a i rp lane , ' and  r & u l t s  i n  s i g n i f i c a n t  per form- 
ante and o p e r a b i l i t y  improvements. As a f o l l o w -  
Associate A I A A  Fel low. on program t o  t h e  DEEC e v a l u a t i o n ,  t h e  FlOD engine 
model d e r i v a t i v e  (EMD) was a l s o  f l own  i n  t h e  F-15 
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a i rp lane .3  The F l O O  EHD engine i nco rpo ra tes  a new 
f a n  design, improved hot s e c t i o n  m a t e r i a l s ,  and 
has 15 percent  more t h r u s t  than the  standard FlOO 
engine. Wi th t h e  experience de r i ved  from t h e  M E C  
and EM0 eva lua t i ons ,  hes-Dryden, i n  coopera t i on  
w i t h  o t h e r  government agencies, i s  conduct ing a 
program c a l l e d  h i g h l y  i n t e g r a t e d  d i g i t a l  e lec -  
t r o n i c  c o n t r o l  (HIOEC).4 Th is  program developed 
and evaluated new d i g i t a l  engine c o n t r o l  t ech -  
nology t h a t  i s  i n teg ra ted  w i t h  t h e  a i r p l a n e  d i g i -  
t a l  fl i g h t  c o n t r o l  system. Th is  r e p o r t  d iscusses 
t h e  p r o p u l s i o n  f l i g h t  eva lua t i ons  conducted on 
t h e  F-15 a i r p l a n e  on the DEEC, EMD, and HIDEC p r o -  
grains. and t h e  s i g n i f i c a n t  c o n t r i b u t i o n  o f  e a r l y  
f l i g h t  e v a l u a t i o n  t o  these emerging technologies.  
Desc r i j t  i o n  o f  Equi pment -- 
The NASA F-15 a i r p l a n e  (F ig .  1) used f o r  
t he  DEEC, EHD, and HIDEC programs i s  a h igh -  
performance, a i  r - s u p e r i o r i t y  f i g h t e r  a i r c r a f t  
w i t h  e x c e l l e n t  t ransonic  maneuverab i l i t y  and a 
maximum Mach c a p a b i l i t y  o f  2.5. It i s  powered 
by two a f t e r b u r n i n g  turbofan engines. 
Eng i n c  
The FlOO engine (Fig. 2)  used i n  t h e  DEEC, 
EMD, and HIDEC programs, i s  a low-bypass-rat io ,  
tw in -spoo l  , a f t e r b u r n i n g  tu rbo fan  engine. The 
th ree -s tage  f a n  i s  d r i ven  by a two-stage, l o w -  
pressure t u r b i n e .  The 10-stage, h igh-pressure 
compressor i s  d r i v e n  by a two-stage t u r b i n e .  
engine i nco rpo ra tes  compressor i n l e t  v a r i a b l e  
vanes (CIVV) and rea r  compressor v a r i a b l e  vanes 
(RCVV) t o  achieve h igh performance over  a wide 
range o f  power se t t i ngs ;  a compressor b leed  i s  
used o n l y  f o r  s t a r t i n g .  Cont inuously  v a r i a b l e  
t h r u s t  augmentation i s  prov ided by a mixed f l o w  
a f t e r b u r n e r  and a v a r i a b l e  area convergent-  
d i v e r g e n t  nozzle. 
The 
For t h e  DEEC program, the  F100-PW-100 engine 
was used. Th is  engine i s  t he  p r o d u c t i o n  engine 
f o r  F-15 and F-16 a i rp lanes.  It i nco rpo ra ted  a 
f i ve-segment augmentor, a p ro to type  DEEC system, 
and a fan i n l e t  s t a t i c  pressure (PS2) probe on t h e  
engine hub. 
The F l O O  EM0 (Company des igna t ion  PW1128) i s  
a d e r i v a t i v e  o f  t h e  F100-PW-100; i t  i n c o r p o r a t e s  
a redesigned h i g h e r  a i r f l o w  and pressure r a t i o  
fan, improved m a t e r i a l s  i n  t h e  h o t  sec t i on ,  a 
redesigned 16-segment augmentor, and a l a t e r -  
genera t i on  DEEC, r e s u l t i n g  i n  an average t h r u s t  
i nc rease  o f  15 percent. The FlOO EMD engines 
have a l s o  been used i n  t h e  HIOEC program. 
D i g i t a l  JJ-ccJ-r_qnic Engine C o n t r o l  System. 
The DEEC system i s  a f u l l - a u t h o r i t y  engine con- 
t r o l  system f o r  the F l O O  engine. I t  c o n t r o l s  t h e  
e i g h t  major c o n t r o l l e d  v a r i a b l e s  on the  engine 
and rep1 aces t h e  standard F l O O  engine hydromechan- 
i c a l  u n i f i e d  f u e l  con t ro l  and superv i so ry  d i g i t a l  
e l e c t r o n i c  engine c o n t r o l .  
mounted, and fue l -cooled,  and c o n s i s t s  o f  a s i n g l e -  
channel d i g i t a l  c o n t r o l l e r  w i t h  s e l e c t i v e  i n p u t -  
output  redundancy, and a simple hydromechanical 
secondary engine con t ro l  ( S E C ) .  
The DEEC i s  engine- 
S ince t h e  DEEC p rov ides  key technology f o r  a l l  
t h r e e  p r o j e c t s  d iscussed i n  t h i s  r e p o r t ,  an o u t -  
l i n e  o f  t h e  M E C  system i s  presented here. More 
d e t a i l s  may be found i n  Ref. 2. The DEEC system 
c o n s i s t s  o f  t h r e e  u n i t s ,  f u n c t i o n a l l y  i l l u s t r a t e d  
i n  Fig. 3, which shows t h e  DEEC e l e c t r o n i c  u n i t ,  
t h e  gas generator  f u e l  me te r ing  v a l v e  and SEC 
u n i t ,  and t h e  augmentor fue l  m e t e r i n g  and segment 
sequencing u n i t .  The DEEC rece ives  i n p u t s  from 
t h e  a i r f r a m e  through t h e  t h r o t t l e  p o s i t i o n ,  power 
l e v e r  angle (PLA), and Mach number (M)  and from 
t h e  engine through pressure sensors ( f a n  i n l e t  
s t a t i c  pressure (PSZ) ,  bu rne r  pressure (PB), and 
t u r b i n e  d i scha rge  pressure (PT6M) ) , temperature 
sensors ( f a n  i n 1  e t  t o t a l  temperature (TT2) and f a n  
t u r b i n e  i n l e t  temperature (FTIT)) ,  f a n  r o t o r  speed 
sensors ( N l )  and core r o t o r  speed sensors (N2), 
and t h e  u l t r a v i o l e t  f lame sensor ( t h e  l i g h t - o f f  
d e t e c t o r  (LOD)). 
c o n t r o l l e d  v a r i a b l e s  th rough  p o s i t i o n  feedback 
t ransducers  i n d i c a t i n g  v a r i a b l e  vane ( C I V V  and 
RCVV)  p o s i t i o n s ,  me te r ing  v a l v e  p o s i t i o n s  f o r  gas 
generator  f u e l  f l o w  (WFGG), augmentor f u e l  f l o w  
(WFAB) , augmentor segment-sequence v a l v e  p o s i t i o n ,  
and j e t  p r imary  nozz le  area p o s i t i o n  (AJ). Dual 
sensors and p o s i t i o n  t ransducers  a r e  used, as 
shown i n  F ig .  3, t o  achieve redundancy i n  key 
parameters. 
t h e  DEEC computer t o  schedule v a r i a b l e  vanes C I V V  
and RCVV, p o s i t i o n  t h e  compressor s t a r t  b leeds,  
c o n t r o l  gas generator  and augmentor f u e l  f lows,  
p o s i t i o n  t h e  augmentor segment sequence valve, and 
c o n t r o l  t h e  exhaust n o z z l e  area. Redundant c o i  1 s 
a r e  p resen t  i n  t h e  to rque  motor d r i v e r s  f o r  a l l  of 
t h e  ac tua to rs .  
It a l s o  rece ives  feedback f rom 
The i n p u t  i n f o r m a t i o n  i s  processed by 
The DEEC l o g i c  p rov ides  open-loop schedul i n g  
o f  t h e  C I V V ,  RCVV, s t a r t  b leed  p o s i t i o n ,  and 
augmentor c o n t r o l  s. 
l o o p  c o n t r o l  o f  a i r f l o w  (WA) and engine pressure 
r a t i o  (EPR). 
need f o r  p e r i o d i c  t r i m n i n g  and improves perform- 
ance. The two main c o n t r o l  loops a r e  shown i n  
F ig .  4. 
a i r f l o w  l o g i c  i n  which WFGG i s  c o n t r o l l e d  t o  main- 
t a i n  t h e  scheduled f a n  speed, and hence, a i r f l o w .  
P r o p o r t i o n a l  -p l  u s - i n t e g r a l  c o n t r o l  i s  used t o  
match t h e  N 1  request t o  t h e  sensed N1. L i m i t s  o f  
N2, FTIT, and PB a r e  mainta ined.  
l ower  p a r t  o f  F ig .  4 i s  t h e  engine pressure r a t i o  
(EPR) loop. 
t h e  measured EPR, based on fan  i n l e t  t o t a l  pres-  
su re  (PT2) and PT6M; u s i n g  p r o p o r t i o n a l - p l u s -  
i n t e g r a l  c o n t r o l ,  t h e  nozz le  i s  modulated t o  
achieve t h e  requested EPR. The EPR c o n t r o l  l o o p  
i s  o n l y  a c t i v e  f o r  i n t e r m e d i a t e  power o p e r a t i o n  
and augmentation. 
scheduled nozz le  area i s  used. 
The DEEC i n c o r p o r a t e s  c losed-  
The c losed- loop l o g i c  e l i m i n a t e s  t h e  
The upper p a r t  o f  t h e  f i g u r e  shows t h e  
Shown i n  t h e  
The requested EPR i s  compared w i t h  
A t  lower  power s e t t i n g s ,  a 
Wi th  t h e  c losed- loop a i r f l o w  and EPR l o g i c ,  
t h e  DEEC c o n t r o l  i s  capable o f  a u t o m a t i c a l l y  com- 
pensa t ing  f o r  engine degradat ion.  
r e l a t e d  t o  t h r u s t ,  so t h e  DEEC can ma in ta in  an 
engine a t  a d e s i r e d  t h r u s t  l e v e l ,  e l i m i n a t i n g  
t h e  t r i m n i n g  requirement. 
t h e  FTIT r e q u i r e d  t o  achieve t h e  scheduled EPR 
inc reases  u n t i l  i t  reaches i t s  l i m i t .  The DEEC 
t h e n  operates t h e  engine on t h e  FTIT l i m i t .  
EPR i s  d i r e c t l y  
As t h e  engine degrades, 
The PT2 s i g n a l  i s  d e r i v e d  from t h e  PS2 measure- 
ment. 
f rom prev ious wind-tunnel and f l i g h t  t e s t s .  




Augmentor Logic. Augmentor segment f u e l  d i s -  
t r i  bu t  i on i s hand1 ed by augmentor f u e l  m e t e r i  ng 
and segment sequencing va lves (F ig .  3). 
segment augmentor used i n  the  DEEC t e s t s  has two 
mete r ing  va lues:  one f o r  t he  co re  segments, and 
one f o r  t h e  duc t  segments. The l o g i c  prov ided f o r  
"qu i ck  f i l l "  and segment l i m i t i n g  i s  descr ibed i n  
d e t a i l  i n  Ref. 2. For t h e  16-segment augmentor 
used i n  t h e  FlOO EM0 t e s t s ,  a s i n g l e  f u e l  meter ing 
v a l v e  was prov ided,  and no qu ick  f i l l  was used. 
L q i i  ir'iis i ncorpora ted  t o  p r e v m t  nimble ( a  
combust ion-acoust ic  coup1 i n g  d i s tu rbance)  and t o  
m a i n t a i n  t h e  augmentor d u r a b i l i t y .  
p a r t  o f  t h e  DEEC eva lua t i on ,  and f o r  t h e  FlOD EMD 
f l i g h t  eva lua t i on ,  a l i g h t - o f f  d e t e c t o r  (LOD) was 
i n s t a l l e d .  Th is  u l t r a v i o l e t  sensor had an ou tpu t  
t h a t  was p r o p o r t i o n a l  t o  f lame i n t e n s i t y  (LOD 
counts) .  W i th  t h e  LOD, l o g i c  was inco rpo ra ted  
t o  a u t o m a t i c a l l y  d e t e c t  augmentor b lowouts and 
at tempt  r e l i g h t s  w i thou t  p i l o t  a c t i o n  (PLA 
r e c y c l e s )  . 
The f i v e -  
For t h e  l a t t e r  
F a u l t  D e t e c t i o n  and Accommodation (FDA) Logic. 
The DEEC system i s  a single-channel d i g i t a l  con- 
L 
a 
t r o l l e r  w i t h  s e l e c t i v e  redundancy i n  t h e  i n p u t s  
and ou tpu ts  t o  ma in ta in  d i g i t a l  c o n t r o l  o f  t h e  gas 
yenera to r  f o r  any s i n g l e  i npu t -ou tpu t  f a i l u r e .  
The p ressu re  sensors a r e  n o t  redundant; i n  t h e  
event  o f  l o s s  o f  a pressure sensor, a synthes ized 
va lue  i s  ca l cu la ted .  I f  d i g i t a l  c o n t r o l  cannot be 
mainta ined,  c o n t r o l  i s  a u t o m a t i c a l l y  t r a n s f e r r e d  
t o  the  secondary c o n t r o l  (SEC).  The FDA l o g i c  i s  
desc r ibed  i n  d e t a i l  i n  Ref. 5. 
( F i g F 3 )  i s  a s imple hydromechanical engine con- 
t r o l  housed i n  t h e  same u n i t  as t h e  DEEC gas gen- 
e r a t o r  f u e l  -meter ing valves.6 The SEC p rov ides  
c o n t r o l  o f  WFGG, compressor s t a r t  bleed, and RCVV 
as f u n c t i o n s  o f  PLA, PS2, and TT2. The SEC oper-  
a t i o n  i s  l i m i t e d  t o  nonaugmented power and i s  oper- 
ab le,  a t  a reduced perfornrance l e v e l ,  over t h e  
e n t i r e  engine o p e r a t i n g  envelope. There i s  an 
open-loop a i  r s t a r t  c a p a b i l i t y  d u r i n g  SEC operat ion.  
The SEC o p e r a t i o n  i s  se lec ted  a u t o m a t i c a l l y  by the  
DEEC i f  d i g i t a l  c o n t r o l  cannot be maintained; i t  
may a1 so be se lec ted  by t h e  p i  1 o t .  
F1 i A h t  Con t ro l  System 
f l i g h t  c o n t r o l  system and an analog c o n t r o l  aug- 
mentat ion system (CAS). For t h e  HIDEC t e s t s ,  t he  
analog C A S  was rep laced w i t h  a d i g i t a l  e l e c t r o n i c  
f l i g h t  c o n t r o l  system (DEFCS). This  system d u p l i -  
cated the analog CAS f u n c t i o n s  and a l s o  had excess 
c a p a c i t y  which was used f o r  i n t e g r a t e d  p ropu ls ion  
and f l i g h t  c o n t r o l .  The DEFCS i s  a dual -channel 
f a i l - o f f  system, p rog ramed  i n  PASCAL. It has a 
MILSTO 1553A data bus i n t e r f a c e  and i s  desc r ibed  
i n  more d e t a i l  i n  Ref. 4. 
Secondary Con t ro l .  The SEC i n  t h e  DEEC system 
- - - - 
The F-15 i s  no rma l l y  equipped w i t h  a mechanical 
In s t  rumen t a  t i on _ _ _ _  ~~ 
The F-15 a i r p l a n e  i s  equipped w i t h  a data sys- 
I n  excess o f  400 param- 
tern t h d t  records i n f o r m a t i o n  from t h e  engine and 
a i r p l a n e  ins t rumen ta t i on .  
e t e r s  were t y p i c a l l y  measured on t h e  t e s t  engine, 
c o n s i s t i n g  o f  pressures,  temperatures, r o t o r  
speeds. f u e l  f lows,  and d i g i t a l  data from t h e  
DEEC. These data were d i g i t i z e d  and recorded 
onboard and a l s o  te lemetered t o  t h e  ground f o r  
r e a l  - t ime d i s p l a y  and computation. 
Resu l t s  and D iscuss ion  
R e s u l t s  o f  t h e  DEEC F l i g h t  E v a l u a t i o n  
phases f l own  over  5 years. The cases i n  which 
s i g n i f i c a n t  d i f f e r e n c e s  between expected and 
a c t i l a l  r e s ~ l t s  were l"UllU a re  biscL;;;eb i n  the  
f o l l o w i n g  sect ions.  
The DEEC f l i g h t  e v a l u a t i o n  cons is ted  o f  f i v e  
FDA Testing. 
s i n g l e  channel d 
chanica l  backuD. 
The DEEC des ign  ph i  1 osophy, 
i g i t a l  wi th d i s s i m i l a r  hydrome- 
i s  o f  i n t e r e s t  from a r e l i a b i l i t y  
and f a u l t  a c c o k o d a t i o n  c a p a b i l i t y  pe rspec t i ve .  
Ex tens i ve  t e s t i n g  was performed on t h e  FDA l o g i c  
o p e r a t i o n  and i t s  a b i l i t y  t o  t r a n s f e r  t o  SEC under 
se lec ted  f a i l u r e  cond i t i ons .  The i n i t i a l  t e s t s  
were performed w i t h  an engine d i g i t a l  s imu la t i on .  
A l a t e r  c losed- loop bench t e s t  a l l owed  hydrome- 
chan ica l  and e l e c t r o n i c  components t o  be run  w h i l e  
o p e r a t i n g  w i t h  t h e  engine computer s imu la t i on .  
Th is  a l lowed t e s t i n g  o f  t h e  FDA by i n t e n t i o n a l l y  
i n t r o d u c i n g  f a u l t s  i n t o  t h e  system w i t h o u t  t h e  
r i s k  o f  damaging an engine. A d d i t i o n a l  t e s t i n g  
i nc luded  sea-level and a l t i t u d e  t e s t s  o f  se lec ted  
f a i  1 ures and t h e  r e s u l t i n g  accommodation process. 
Dur ing  t h e  course o f  t h e  i n i t i a l  NASA DEEC f l i g h t  
t e s t  program, o n l y  two f a i l u r e s  occurred. These 
were c o r r e c t l y  de tec ted  and accommodated. The 
f i r s t  was a de tec ted  f a i l u r e  o f  t h e  fan  i n l e t  t o t a l  
temperature (TT2) sensor, which r e s u l t e d  i n  t h e  
use o f  t h e  redundant sensor and no l o s s  i n  p e r f o m -  
ance. The second f a i l u r e  i n v o l v e d  t h e  P T H  sensor, 
caus ing t h e  nozz le  t r i m  and augmentation t o  be 
i n h i b i t e d  w h i l e  DEEC engine c o n t r o l  was maintained. 
There were no f a l s e  f a i l u r e s  de tec ted  by t h e  DEEC 
and no r e q u i r e d  t r a n s f e r s  t o  t h e  SEC mode because 
o f  c o n t r o l  system anomal i es .  
Because o n l y  two f a u l t s  occurred i n  t h e  i n i t i a l  
DEEC f l i g h t  e v a l u a t i o n  on t h e  NASA F-15 a i rp lane ,  
i t  was n o t  p o s s i b l e  t o  adequate ly  eva lua te  t h e  
DEEC system o p e r a t i o n  i n  the  synthes ized param- 
e t e r  modes. Therefore, an a d d i t i o n a l  DEEC f l i g h t  
i n v e s t i g a t i o n  was conducted i n  which c e r t a i n  sen- 
sors  were f a i l e d  i n - f l i g h t . 7  T h i s  a l lowed t h e  
f a i l u r e  d e t e c t i o n  l o g i c  t o  be evaluated and pe r -  
m i t t e d  o p e r a t i o n  i n  t h e  synthes ized parameter 
modes a t  va r ious  p o i n t s  i n  t h e  f l i g h t  envelope 
(F ig .  5). Once i n  t h e  synthes ized parameter mode, 
t h e  DEEC system opera t i on  was e x c e l l e n t .  
c o u l d  o f t e n  n o t  t e l l  t h a t  t h e  engine was o p e r a t i n g  
wi th synthes ized parameters. There were, however, 
some problems encountered w i t h  f a u l t  d e t e ~ t i o n . ~  
Some o f  these problems were a r e s u l t  o f  t h e  DEEC 
FDA des ign  phi losophy.  The FDA t e s t s  i d e n t i f i e d  
severa l  problems t h a t  have s i n c e  been corrected,  
i n c l u d i n g  one so f tware  s c a l i n g  e r r o r .  
t h e  FDA t e s t i n g  was q u i t e  h e l p f u l ,  and t h e  i n -  
f l  i g h t  FDA concept was Val i da ted .  
P i l o t s  
O v e r a l l ,  
Fo l l ow ing  t h e  NASA t e s t s ,  t h e  DEEC system was 
i n s t a l l e d  on severa l  F-15 a i r p l a n e s  i n  t h e  USAF 
t r a i n i n g  opera t i ons  a t  N e l l i s  AFB. Exper ience 
showed t h a t  re1 i a b i l  i t y  and m a i n t a i n a b i l i t y  were 
g r e a t l y  improved, mean t i m e  between f a i  1 u res  was 
improved by a f a c t o r  o f  two, and unscheduled engine 
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removals were reduced by a f a c t o r  o f  n ine.  Much 
o f  t h i s  improvement i s  due t o  the  DEEC FDA which 
s u c c e s s f u l l y  d e t e c t s  and accommodates f a i l u r e s .  
i s  t h e  s t a b i l i t y  o f  the EPR c o n t r o l  loop. Th is  
l oop  i s  used i n  t h e  HIDEC program t o  vary t h e  
s t a l l  marg in i n  response t o  a i r p l a n e  maneuvers. 
Dur ing the DEEC program, an unexpected nozz le  
i n s t a h i l  i t y  was encountered t h a t  revealed the  
s e n s i t i v i t y  of t h e  EPR c o n t r o l  l oop  and t h e  d i f -  
f i c u l t y  i n  e v a l u a t i n g  i t . 8  The nozz le  i n s t a b i l i t y  
was encountered i n  the h i g h - a l t i t u d e ,  low-a i rspeed 
r e g i o n  of t h e  f l i g h t  envelope. 
l a t e d  i n  a l i m i t  cyc le  w i t h  an ampl i tude o f  approx- 
mate ly  0.4 f t 2  peak-to-peak a t  a frequency o f  
approx imate ly  1.5 Hz. 
undershoots a1 so occurred d u r i n g  t h e  augmentor 
sequencing. The i n s t a b i l i t y  r e s u l t e d  i n  augmentor 
blowouts, caused by the  l ow  pressure l e v e l  t h a t  
occurred when t h e  nozzle was t o o  f a r  open, and 
s t a l l s  t h a t  occurred when the  nozz le  was t o o  f a r  
c losed,  caus ing t h e  fan back pressure t o  be t o o  
h igh.  F i g u r e  6 shows an example o f  a s t a l l  t h a t  
occurred as a r e s u l t  o f  nozz le  i n s t a b i l i t y  f o l -  
lowing an idle-to-maximum t h r o t t l e  t r a n s i e n t  a t  
175 kno ts  and an a l t i t u d e  of 45,000 f t .  The noz- 
z l e  o s c i l l a t i o n  b u i l t  up over a pe r iod  o f  f o u r  
c y c l  es and the  h i g h  pressure 1 eve1 back -pressured 
t h e  fan, caus ing a s t a l l .  I n  o t h e r  instances,  t h e  
o s c i l l a t i o n  began, damped out, and began again, 
i n d i c a t i n g  a marginal s t a b i l i t y  i n  t h e  nozz le  con- 
t r o l  loop. The o s c i l l a t i o n  o n l y  occurred a t  aug- 
mented power, n o t  a t  i n te rmed ia te  power. As shown 
i n  F ig .  4, t h e  nozz le  i s  c o n t r o l l e d  t o  ma in ta in  
t h e  d e s i r e d  engine pressure r a t i o  (EPR). Dur ing 
t h e  DEEC des ign and i n i t i a l  eva lua t i on ,  t h e  s t a -  
b i l i t y  o f  t h e  EPR con t ro l  l oop  was evaluated and 
found t o  he adequate, based on s i m u l a t i o n  r e s u l t s .  
Dur ing ground t e s t s  t o  p r o v i d e  f l i g h t  c lea rance  a t  
USAF Arnold Engineering and Development Center 
(AEDC), t h e  EPR l oop  s t a b i l i t y  o f  t h e  DEEC f l i g h t  
t e s t  engine was evaluated a t  low-a i rspeed and 
h i g h - a l t i t u d e  cond i t i ons ,  hut  o n l y  a t  i n t e r m e d i a t e  
power. The nominal EPR l oop  ga in  was doubled and 
no i n s t a b i l i t y  was noted. 
Recause the a l t i t u d e  t e s t  r e s u l t s  on the  
f l i y h t  engine d i d  not i n d i c a t e  a problem, t h e  
engine manufacturer 's  f u l l ,  non l i nea r ,  ae ro the r -  
modynamic F l O O  engine s i m u l a t i o n  was used t o  
i n v e s t i g a t e  the i n s t a b i l i t y .  The s i m u l a t i o n  
cou ld  not  be made t o  d u p l i c a t e  the  r e s u l t s  
observed i n  f l i g h t .  
Nozzle I n s t a b i l i t y .  Another area o f  i n t e r e s t  
The nozz le  o s c i l -  
Some nozz le  overshoots and 
To more exhaus t i ve l y  i n v e s t i g a t e  the  causes o f  
t he  EPR c o n t r o l  loop nozz le i n s t a b i l i t y ,  a s tudy 
w a s  conducted.A This  study i nc luded  an a l t i t u d e  
t e s t  program, performed a t  t h e  NASA Lewis Research 
Center. The F l O O  XD-11 engine used f o r  t h i s  t e s t  
d i d  no t  e x h i b i t  any nozz le s t a b i l i t y  problems when 
opera t i ng  w i t h  i t s  normal c o n t r o l  ga in  s e t t i n g s .  
A r e a d i l y  rep rog ramab le  DEEC "breadboard" was 
used t o  p rov ide  v a r i a b l e  ga in and o the r  c o n t r o l  
m o d i f i c a t i o n s .  During t h e  t e s t i n g  a t  Lewis, i t  
was found t h a t  an increase i n  i n t e g r a l  c o n t r o l  
ga in  cou ld  cause the nozz le t o  hecome o s c i l l a t o r y .  
A d d i t i o n a l  t r a n s f e r  f u n c t i o n  da ta  f o r  t h e  EPR l oop  
was a1 so acqui red  hefore the  t e s t s  were completed. 
A n o n l i n e a r  s imu la t i on  o f  t h e  EPR loop,  i n c o r -  
p o r a t i n g  t h e  Lewis t e s t  r e s u l t s ,  was developed a t  
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Ames-Dryden. 
shown i n  Fig. 7. 
c l oses  t h e  func t i ons  modelled i n  t h e  s imu la t i on .  
S i g n i f i c a n t  nonl  i n e a r i t i e s  i n c l u d e d  t h e  deadband 
and sample and h o l d  l o g i c  i n  t h e  DEEC. Resu l t s  o f  
t h e  Ames-Dryden n o n l i n e a r  EPR l oop  s i m u l a t i o n  a r e  
shown i n  F ig .  8, f o r  a Mach 0.6- and 45,000 ft- 
f l i g h t  c o n d i t i o n .  The s i m u l a t i o n  r e s u l t s  i n  
F ig .  8(a)  show a l i m i t  c y c l e  w i t h  ve ry  s i m i l a r  
frequency and magnitude t o  t h e  nozz le  o s c i l l a t i o n  
observed i n  f l  i g h t .  Th i s  nonl i n e a r  siinul a t i o n ,  
which i nco rpo ra ted  t h e  NASA Lewi s t e s t  r e s u l t s  , 
e s s e n t i a l l y  d u p l i c a t e d  t h e  f l i g h t  r e s u l t s ,  whereas 
t h e  engine manu fac tu re r ' s  f u l l  non l i nea r  s imula-  
t i o n ,  w i t h  l e s s  accu ra te  data, d i d  n o t  p r e d i c t  t h e  
o s c i l l a t i o n .  
hav ing  high-qual i t y  engine modeling data. 
A b l o c k  diagram o f  t h e  s i m u l a t i o n  i s  
The dashed l i n e  on F ig.  4 en- 
Th is  p o i n t s  ou t  t h e  impor tance o f  
Proposed l o g i c  changes f o r  t he  DEEC so f tware  
were evaluated on t h e  Ames Dryden s imu la t i on .  L 
As shown i n  F ig .  8(b) , when t h e  deadband was 
increased,  and t h e  i n t e g r a l  g a i n  was c u t  i n  h a l f ,  
t h e  response t o  t h e  same s tep  i n p u t  i n  EPR request  
produced o n l y  a small  overshoot t h a t  r a p i d l y  
damped. Th is  response was judged t o  be accept- 
ab1 e. These so f tware  changes were i nco rpo ra ted  
f o r  t he  nex t  phase o f  t h e  DEEC f l i g h t  e v a l u a t i o n ,  
and f l i g h t  r e s u l t s  showed no evidence o f  nozz le  
i n s t a b i l i t y .  
reduced t h e  number of nozz le  overshoots t h a t  
occurred d u r i n g  augmentor sequencing, and t h a t  
reduced t h e  number o f  b lowouts t h a t  occurred 
d u r i n g  augmentor t r a n s i e n t s .  The s e n s i t i v i t y  
o f  t h e  EPR l o o p  t o  system dynamics again p o i n t s  
ou t  t h e  need f o r  h i g h - q u a l i t y  engine data i n  t h e  
engine s imu la t i on ,  t h e  need t o  adequately model 
t h e  nonl  i n e a r i t i e s ,  and t h e  need t o  p r o v i d e  e a r l y  
f l i g h t  t e s t s  o f  t h e  engine. 
1 
The lower  EPR l o o p  gains a l s o  
Augmentor Rumble. Another anomaly was found 
i n  t h e  DEEC augmentor t e s t i n g .  Rumble, a dynamic 
acoust ic-combust ion c o u p l i n g  phenomena, occurred 
i n  severa l  instances.  Rumble t y p i c a l l y  occurs 
when o v e r r i c h  m i x t u r e s  a r e  present  a t  some r e g i o n  
i n  t h e  augmentor, a t  f requencies i n  t h e  50 t o  
100 Hz range. DEEC augmentor f u e l  schedules were 
developed based on t e s t i n g  a t  AEDC, i n c l u d i n g  
t e s t i n g  t o  determine t h e  rumble margins. The 
t e s t s  on t h e  f l i g h t  engine a t  AEDC showed no 
rumble. However, d u r i n g  i n - f l i g h t  t e s t i n g  i n  t h e  
upper l e f t - h a n d  corner  o f  t h e  f l i g h t  envelope, 
numerous b lowouts occurred. Some were caused by 
t h e  nozz le  i n s t a b i l i t y  d iscussed i n  t h e  p rev ious  
s e c t i o n ,  b u t  some were found t o  be caused by 
rumble. F i g u r e  9 shows a t i m e  h i s t o r y  o f  an i d l e -  
to-maximum t h r o t t l e  t r a n s i e n t  a t  40,000 f t  and an 
a i rspeed of 200 knots .  Jus t  as f u l l  augmentation 
was achieved, t h e  augmentor pressure (PAB) showed 
a d i s c r e t e  pressure o s c i l l a t i o n  a t  a frequency o f  
60 Hz w i t h  an ampl i tude o f  approx imate ly  2 l b / i n 2  
(25 p e r c e n t ) ,  which caused t h e  blowout. Rumble 
was noted d u r i n g  severa l  s i m i l a r  t h r o t t l e  t r a n -  
s i e n t s .  I f  t h e  rumble was n o t  severe enough t o  
cause a blowout a t  t h i s  s tage o f  t h e  t r a n s i e n t ,  
t h e  rumble d i e d  out  w i t h i n  approx imate ly  1 / 2  sec. 
It i s  b e l i e v e d  t h a t ,  d u r i n g  t h r o t t l e  t r a n s i e n t s ,  
t h e  pressure t r a n s i e n t s  i n  t h e  t e s t  c e l l  a t  AEDC 
were n o t  t h e  same as those e x i s t i n g  i n  f l i g h t ,  
t h u s  e x p l a i n i n g  t h e  l a c k  o f  rumble i n  t h e  ADEC 
t e s t s .  The AEDC f a c i l i t i e s  a r e  be ing  mod i f i ed  t o  






I n  l a t e r  DEEC t e s t  phases, t h e  augmentor f u e l - a i r  
r a t i o s  were lowered s l i g h t l y ,  and f u r t h e r  t e s t s  
were f r e e  o f  rumble. 
As a r e s u l t  o f  t h e  e l i m i n a t i o n  o f  t h e  nozz le 
i n s t a h i l  i t y  and rumble, t h e  augmentor o p e r a b i l i t y  
was s u b s t a n t i a l l y  improved. I n  the f o u r t h  DEEC 
t e s t  phase, idle-to-maximum t h r o t t l e  t r a n s i e n t s  
were conducted t o  the  edge o f  t h e  f l i g h t  envelope, 
and a1 1 were successful , a1 though some PLA' r e -  
tyt!es Were fequ i  red. ?hi s prov ides an improve- 
ment i n  augmentor o p e r a t i o n  o f  over 11,000 f t .  
Secondary Contro l  A i r s t a r t  Results. Dur ing 
t h e  e v a l u a t i o n  o f  t h e  OEEC. t h e  a i r s t a r t  capab i l -  
i t y  o f  t h e  SEC was evaluated, and unexpected hot  
s t a r t s  occurred.  
an open-loop preprogramned schedule o f  f u e l  f l ow  
as a f u n c t i o n  of t ime. 
t h e  c o n t r o l  swi tches t o  t h e  schedules f o r  normal 
operat ion.  I f  t h e  t h r o t t l e  i s  i n  t h e  i d l e  p o s i -  
t i o n  when t h e  t i m e r  elapses, f u e l  f l o w  a b r u p t l y  
increases t o  t h e  i d l e  value, p o s s i b l y  r e s u l t i n g  i n  
s t a l l  and h o t  s t a r t .  The f l i g h t  r e s u l t s  a r e  coin- 
pared t o  t h e  AEDC t e s t  r e s u l t s  i n  F ig .  10 and show 
t h a t  t h e  successful a i r s t a r t  boundaries a r e  s i g -  
n i f i c a n t l y  d i f f e r e n t .  The d i f f e r e n c e  was t raced  
t o  the  l a c k  o f  horsepower e x t r a c t i o n  d u r i n g  t h e  
t e s t i n g  a t  AEDC. The horsepower e x t r a c t i o n  i s  
cons idered smal 1 d u r i n g  normal engine operat ion.  
b u t  d u r i n g  a i r s t a r t s  near  t h e  minimum ai rspeed 
l i m i t s ,  t h e  small  horsepower e x t r a c t i o n  s i g n i f i -  
c a n t l y  slowed t h e  r a t e  o f  engine acce le ra t i on .  
AEDC t e s t  procedures were modi f ied t o  p r o p e r l y  
s i m u l a t e  horsepower e x t r a c t i o n  d u r i n g  s e n s i t i v e  
engine t e s t s .  
The SEC a i r s t a r t  1 og i c  provides 
When t h e  t i m e  elapses, 
t 
i 
Summary_ o f  DEEC Results. The a d d i t i o n  o f  
.he F E C t o  t h e  FlOO engine produced a ve ry  l a r g e  
mprovement i n  c a p a b i l i t y ,  i n  terms o f  o p e r a b i l -  
i t y ,  r e l i a b i l i t y  and m a i n t a i n a b i l i t y .  The DEEC 
i s  now i n  p r o d u c t i o n  for t h e  FlOO-PW-220 engine. 
The i n t r o d u c t i o n  i n t o  s e r v i c e  was acce le ra ted  by 
approx ima te l y  1 1/2 yea rs  as a r e s u l t  o f  t h e  NASA 
F -15 t e s t  program. 
F l O O  EMD Con t ro l  Resu l t s  - - - __ - __ 
The F l O O  EHD engines were f lown i n  t h e  F-15 
a i r p l a n e  t o  eval uate improvements i n  performance 
and o p e r a b i l i t y .  Dur ing t h i s  eva lua t i on ,  t h e  
va lue o f  t h e  F-15 f o r  p r o p u l s i o n  c o n t r o l  research 
was again demonst ra ted.  
T h r o t t l e  Response. T h r o t t l e  response of t h e  
F l O O  EMD engine was evaluated f o r  f o rma t ion  f l y i n g  
and a e r i a l  r e f u e l  i n g  capab i l  i t y . 9  The f l i g h t  con- 
d i t i o n  o f  10,000 f t  and 400 kno ts  was se lec ted  t o  
be r e p r e s e n t a t i v e  o f  a t a c t i c a l  s i t u a t i o n .  The 
task was wing s t a t i o n  keeping on the  l ead  a i r c r a f t  
f o r  per turbed and nonperturbed c o n d i t i o n s  and 
modest manuevering. 
s t a t i o n  keeping f o r  even nonperturbed tasks  r e -  
ce i ved  a Cooper-Harper p i l o t  r a t i n g  o f  6 t o  8 
( i n d i c a t i n g  improvement was r e q u i r e d ) .  A f l i g h t  
c o n d i t i o n  o f  25,000 f t  and 300 kno ts  was se lected 
t o  be r e p r e s e n t a t i v e  o f  a e r i a l  r e f u e l i n g .  As 
shown i n  F ig .  11, l a r g e  l a g s  o r  de lays were e v i -  
dent  between t h r o t t l e  and t h r u s t  response. Thrust 
response had a phase l a g  i n  excess o f  90 deg. The 
excess i ve l y  s low response was caused by l o g i c  i n  
A t  t h i s  f l i g h t  c o n d i t i o n ,  
t h e  DEEC designed t o  i nc rease  t h e  compressor s t a l l  
marg in d u r i n g  bodie t h r o t t l e  t r a n s i e n t s .  
l o g i c  was inco rpo ra ted  w i thou t  regard t o  i t s  
e f f e c t  on t h r u s t  response. An a d d i t i o n a l  f a c t o r  
was t h e  l a c k  o f  a q u a n t i t a t i v e  c r i t e r i a  f o r  t h r o t -  
t l e  response. 
a so f tware  change was inco rpo ra ted  i n t o  t h e  DEEC, 
which improved t h e  t h r o t t l e  response; subsequent 
Cooper-Harper r a t i n g s  o f  3 t o  4 ( i n d i c a t i n g  ade- 
quate response) were then obta ined f o r  t h e  same 
f l y i n g  tasks.  
Compressor S t a l l  Results. Dur ing F-15 f l i g h t  
t e s t i n g ,  compressor s t a l l s  were encountered on t h e  
p r o t o t y p e  c o n f i g u r a t i o n  FlOO EHD (PW1128) engine 
on i n t e r m e d i a t e - t o - i d l e  power t h r o t t l e  t r a n s i e n t s  
i n  t h e  extreme upper l e f t -hand  corner  o f  t h e  
f l i g h t  envelope. These s t a l l s  were n o t  p r e d i c t e d  
by p rev ious  a l t i t u d e  f a c i l i t y  t e s t s  and cou ld  no t  
b e  d u p l i c a t e d  by a d d i t i o n a l  a l t i t u d e  t e s t s .  The 
s tandard FlOO engine, which has t h e  same compres- 
s o r  as t h e  FlOO EMD, does n o t  have a compressor 
s t a l l  problem anywhere i n  t h e  envelope. 
I n  an at tempt  t o  de f i ne  t h e  compressor s t a l l  
problem, h i  gh- f  requency response pressure probes 
were i n s t a l l e d  a t  t h e  compressor i n l e t ,  and pres-  
su re  da ta  was recorded a t  1000 samples pe r  sec. 
Dur ing  f l i g h t s ,  t h e  pressures near t h e  i n n e r  
d iameter  o f  t h e  compressor i n l e t  showed dynamic 
p ressu re  f l u c t u a t i o n s  d u r i n g  t h r o t t l e  reduct ions.  
The f l o w  dynamic c h a r a c t e r i s t i c s  were s tud ied  and 
appeared t y p i c a l  o f  separated f low,  w i t h  no pre-  
dominant f requencies present. The occurrence o f  
t h e  p ressu re  dynamics was c o r r e l a t e d  as a f u n c t i o n  
o f  t h e  bypass r a t i o  ( t h e  r a t i o  o f  fan- to-core 
f l o w )  and co r rec ted  compressor rpm, as shown i n  
F ig .  12. Dur ing s teady -s ta te  ope ra t i on ,  t h e  
engine operates o u t s i d e  o f  t h e  separated f l o w  
reg ion ,  however, on t h r o t t l e  reduct ions,  t h e  
engine c o n t r o l  system al lowed t h e  engine t o  e n t e r  
t h e  separated f l o w  reg ion ,  and s t a l l s  occurred. 
T h i s  i s  shown i n  a c ross -sec t i on  o f  t h e  engine, 
showing t h e  f low through t h e  t h r e e  f a n  stages and 
t h e  f i r s t  compressor s tage (Fig. 13). Dur ing a 
t h r o t t l e  r e d u c t i o n  (F ig .  13 (a ) ) ,  t h e  f a n  dece le r -  
a tes  more s l o w l y  than the  compressor, r e s u l t i n g  
i n  an increased bypass r a t i o  and decreased com- 
p resso r  demand. Th is  causes an adverse p ressu re  
g r a d i e n t  f o r  t h e  f low e n t e r i n g  t h e  compressor and 
increases t h e  tendency toward f l o w  separat ion.  
Conversely, on a t h r o t t l e  i nc rease  (F ig.  13(b)) ,  
t h e  compressor speed increases more r a p i d l y  than  
t h e  fan, decreas ing t h e  bypass r a t i o .  
r e s u l t s  i n  a h ighe r  compressor a i r f l o w  demand and 
a f a v o r a b l e  pressure g r a d i e n t  which tends t o  re -  
a t t a c h  t h e  f low. 
countered d u r i n g  f l i g h t  a t  l ow  speed and h i g h  
a l t i t u d e ,  t h e  separated f l o w  e n t e r i n g  t h e  com- 
p resso r  cou ld  be s u f f i c i e n t  t o  cause s t a l l .  
Changes t o  t h e  DEEC c o n t r o l  schedules have s i n c e  
been made t o  keep engine o p e r a t i o n  o u t s i d e  o f  t h e  
separated f l o w  r e g i o n  and, as shown i n  F ig .  12, no 
s t a l l s  have occurred. The c o n t r o l  changes r e s u l t  
i n  slower engine d e c e l e r a t i o n s  and s l i g h t l y  l ower  
compressor e f f i c i e n c i e s .  
c o n c l u s i v e l y  demonstrated when t h e  f a n  d i f f u s e r  
f l ow  separa t i on  problem was found e a r l y  i n  t h e  
des ign  cyc le .  L a t e r  ve rs ions  o f  t h e  F l O O  EMD, 
( c u r r e n t l y  des ignated PW1129) have a redesigned 
Th is  
Once t h e  problem became ev iden t ,  
Th i s  
A t  t h e  v e r y  l ow  pressures en- 
The va lue  o f  t h e  e a r l y  f l i g h t  e v a l u a t i o n  was 
5 
fan d i f f u s e r  t o  e l im ina te  the  f l o w  separa t i on  and 
the  r e s u l t i n g  performance penal t i e s  assoc ia ted  
w i t h  t h e  c o n t r o l  system changes. 
The reason t h e  f l i g h t  r e s u l t s  cou ld  n o t  be 
d u p l i c a t e d  i n  t h e  a l t i t u d e  t e s t  f a c i l i t i e s  i s  
be ing  s tud ied.  Tests were conducted a t  t h e  NASA 
Lewis Research Center and a t  AEDC. F u r t h e r  t e s t s  
w i l l  attempt t o  d e f i n e  the  compressor i n l e t  f l o w  
dynamics i n  more d e t a i l .  It i s  p o s s i b l e  t h a t  t h e  
ground f a c i l i t y  f l o w  dynamics a r e  n o t  q u i t e  t h e  
same as t h e  dynamics occu r r i ng  i n  f l i g h t .  I n  any 
event ,  these r e s u l t s  show t h e  importance o f  engine 
c o n t r o l  and t h e  necess i ty  o f  f l i g h t  e v a l u a t i o n  
e a r l y  i n  t h e  development o f  engines. 
Adap_tive Engine c o n t r o l  System (ADECS) 
E v a l u a t i o n  _______ 
As p a r t  o f  t h e  h i g h l y  i n t e g r a t e d  d i g i t a l  e l e c -  
t r o n i c  c o n t r o l  (HIDEC) program, an adap t i ve  engine 
c o n t r o l  system (ADECS) has been inco rpo ra ted  on 
the  F-15 a i r p l a n e .  I n  ADECS (Fig. 14), a i r f r a m e  
and engine i n f o r m a t i o n  i s  used t o  a l l o w  t h e  engine 
t o  ope ra te  a t  h ighe r  performance l e v e l s  ( u p t r i m )  
a t  t imes  when t h e  i n l e t  d i s t o r t i o n  i s  l o w  and t h e  
f u l l  engine s t a l l  margin i s  n o t  requi red.  The 
A M C S  mode cou ld  a l s o  be used t o  o b t a i n  a d d i t i o n a l  
engine s t a l l  margin (downtrim) d u r i n g  c e r t a i n  
f l i g h t  manuevers, such as a STOL l a n d i n g  r o l l o u t  
w i t h  reverse t h r u s t  where r e i n g e s t i o n  c o u l d  cause 
an engine s t a l l ,  o r  f o r  extreme a t t i t u d e  f l i g h t ,  
such as t h a t  which could be used i n  supermaneuver- 
ab11 i t y  concepts. 
For  t h e  ADECS t e s t i n g ,  t h e  DEEC has been 
coupled t o  the  d i g i t a l  e l e c t r o n i c  f l i g h t  c o n t r o l  
system (DEFCS). A d i g i t a l  i n t e r f a c e  and bus con- 
t r o l  u n i t  a l l ows  t h e  various systems t o  comnun- 
i c a t e  w i t h  each other .  The HIDEC system i s  de- 
sc r i bed  i n  Ref. 4. 
I n  a recen t  f l i g h t  eva lua t i on ,  t h e  ADECS 
system was eva lua ted  on one o f  t h e  two FlOO EMD 
engines on t h e  F-15. 
improvements were demonstrated. Thrust  improve- 
ments and cons tan t - th rus t  f u e l  f l o w  reduc t i ons  
were determined and compared t o  p r e d i c t i o n s .  The 
a b i l i t y  o f  t h e  ADECS t o  adapt t o  r a p i d  a i r c r a f t  
maneuvers and t h r o t t l e  t r a n s i e n t s  was a1 so demon- 
s t r a t e d .  I n t e n t i o n a l  s t a l l  s were a1 so conducted 
t o  Val i d a t e  the  s t a b i l i t y  a u d i t  procedures used 
t o  develop t h e  ADECS l o g i c .  
S i g n i f i c a n t  performance 
Typica l  r e s u l t s  are shown i n  F ig .  15 f o r  an 
a l t i t u d e  o f  30,000 ft. I n  Fig.  15(a) t h e  ca l cu -  
l a t e d  i n te rmed ia te  power t h r u s t  from t h e  f l i g h t  
data exceeds t h e  p red ic ted  t h r u s t ,  w i t h  increases 
o f  8 t o  10 percent .  In  F ig .  15(b), t h e  f u e l  f l o w  
reduc t i ons  obta ined f o r  t h e  maximum nonuptrimmed 
t h r u c t  l e v e l s  a r e  shown; f l i g h t  da ta  matches p re -  
d i c t i o n s  w e l l ,  w i t h  decreases o f  10 t o  15 pe rcen t  
These engine performance improvements r e s u l t e d  i n  
a i r p l a n e  performance improvements o f  5 t o  13 p e r -  
cent ,  w i t h  t h e  ADECS on o n l y  one engine. 
F l i g h t  v a l i d a t i o n  o f  t h e  HIOEC ADECS mode has 
acce le ra ted  t r a n s f e r  o f  t h i s  technology t o  f u t u r e  
advanced a i r c r a f t .  
advanced t a c t i c a l  f i g h t e r  engines c a l l  f o r  HIDEC 
c a p a b i l i t y  t o  he provided. 
The s p e c i f i c a t i o n s  f o r  t h e  
Conclud ing Remarks 
The WSA F-15 research a i r p l a n e  has been shown 
t o  be an e f f e c t i v e  f l i g h t  t e s t  v e h i c l e  f o r  e a r l y  
e v a l u a t i o n  and demonstrat ion o f  advanced p r o p u l -  
s i o n  c o n t r o l  concepts. 
The DEEC system encountered severa l  develop- 
ment problems i n  an e a r l y  f l i g h t  e v a l u a t i o n  which 
had n o t  been p r e d i c t e d  from a n a l y s i s  and ground 
t e s t .  These problems were found and so l ved  i n  
a t i m e l y  and c o s t - e f f e c t i v e  manner. The DEEC 
improves augmentor o p e r a b i l i t y ,  e l  im ina tes  
t r imming,  and has g r e a t l y  improved t h e  engine 
re1  i a b i l  i t y  and m a i n t a i n a b i l i t y .  
i s  now i n  product ion.  
o f  t h e  FlOO EMD was a l s o  q u i t e  u s e f u l .  I n  FlOO 
EMD t e s t s ,  unexpected problems were encountered 
i n f l i g h t ,  i n c l u d i n g  a t h r o t t l e  response problem 
and a compressor s t a l l  problem, b o t h  o f  which 
were so lved wi th c o n t r o l  system changes. More 
r e c e n t l y ,  t h e  HIDEC f l i g h t  t e s t s  o f  an adap t i ve  
engine c o n t r o l  system have v a l i d a t e d  i n t e g r a t e d  
p r o p u l s i o n - f l  i g h t  c o n t r o l  concepts whfch a r e  now 
b e i n g  s p e c i f i e d  f o r  f u t u r e  advanced a i r c r a f t .  
The DEEC system 
The e a r l y  f l i g h t  e v a l u a t i o n  
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